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Introduction and Related Work
Pair programming is a software development technique where two programmers work together at one workstation on the same problem. In both education and industry, the goal of this practice is to increase the correctness of programs the pairs produce, as well as programmers sharing knowledge.
Past work has provided substantial evidence that Pair Programming leads to higher student performance in introductory computer science courses. In 2002, McDowell et al. 1 showed that students completing projects in pairs led to higher project performance. This applied to both low and high achieving groups of students. They also observed similar exam performance among students who completed projects in pairs and those who completed projects independently.
Additionally, Nagappan et al. (2003) 2 and McDowell et al. (2003, 2006 ) 3 4 described pair programming leading to higher student retention rates in first year computing courses.
In addition to improving retention, other research into pair programming has examined its impact on different demographic groups. In 2008, Braught et al. 5 observed that pair programming led to higher programming skills for students with lower SAT scores. More recently in 2013, Wood et al. 6 found that pair programming can lead to higher performance in introductory programming classes, especially for students who begin with low confidence levels. In 2004, Werner et al. 7 observed that the practice of pair programming in introductory programming courses increases retention of women students in computer science.
In addition to examining pair programming in the context of introductory computer science courses, the community has also explored pair programming in second semester computing courses ("CS2"). In 2005, and later in 2006, Mendes et al. 8 9 focused in on the effects of pair programming in CS2. They found that partnerships were associated with better individual work, as well as better exam scores. Additionally, they found that pair programming was favored among students as compared to working independently. In this study, partnerships were used in voluntary laboratory sessions where the work did not contribute to a student's overall grade.
Not only have researchers explored pair programming in academia, but they have also extensively examined pair programming and its effects in industry. Williams et al. (2000) 10 and Cockburn et al. (2001) 11 extended this research to industry software developers. The study showed that pair programming led developers to finish higher-quality programs in less time. Additionally, those who participated in partnerships were more satisfied with the coding experience, a finding that is consistent with previous studies in the college course setting.
Pair Programming Concerns
Notwithstanding the observed advantages of pair programming, there are also concerns with the practice of providing students the opportunity to partner on course projects. Primarily, academics worry that students will not pair program at all; and instead elect to divide the work with a "divide and conquer" strategy. The risk is that some students may miss the focus of the project by only completing different subsections. If they elect to do the subsections that are the easiest for them, it may inhibit students from learning subject matter with which they most need practice. Additionally, if the work is not partitioned evenly, one partner may complete most of the project while the other gains little or no experience.
Another concern about partnerships in education is that students may become dependent on partnerships. This could lead to problems for students in future courses, when they may be required to work independently. This concern is magnified when considering the core skills being developed in early courses.
Our goal in this paper is to evaluate these concerns by analyzing the performance of students who partner in an early course and then work alone in a future course. In the next section, we discuss the composition of our data as well as the methods we use to produce our results. In Section 3 we show the results of our findings. Finally, in Section 4, we discuss the implications of our results, followed by conclusions.
Methods
To evaluate the effects of student partnerships in both CS2 and CS3 courses, we take a statistical approach, analyzing performance and demographic data. Our data comes from the grade books of both courses over several semesters. The grade book data contains aggregate project and exam scores from CS2 and CS3. Additionally, these data contain a record of whether each student participated in a partnership or chose to work alone on the CS2 programming projects. In CS3, all students worked alone. In addition to grade data, we obtained gender and cumulative grade point average data from university records.
Using these data, we evaluate the effect of partnerships for both the group as a whole, as well as the effect on different subgroups of students. Specifically, our research questions are:
• Are student partnerships during a past semester associated with changes in student performance while working alone in a future semester? • Do observations about student partnerships vary with different demographic groups?
In the remainder of this section, we describe the content of the CS2 and CS3 courses.
Description of CS2
In our study, CS2 follows a CS1 introductory programming course. The primary audience of CS2 is underclassmen who are planning to pursue a major in Computer Science and Engineering. Other popular majors of CS2 students include Business Administration, Economics and Statistics, as well as others working towards a Computer Science Minor. The only enforced prerequisite for the class is an introductory programming course taught in C++.
CS2 focuses on core computer science concepts and covers four major topics. First, functional abstraction, including specification, recursion, iteration, and functional generalization. Second, data abstraction, including types, type hierarchies, abstract data types, abstraction and polymorphism. Third, dynamic resource management, including creation, deletion, and interaction with containers. Finally, elements of C++, including arrays, structs, classes, objects, function and operator overloading, strings, pointers, templates, linked lists, stacks and queues, iterators, exceptions, and functors.
The class is partitioned into several lecture sections with 3 hours a week of total lecture time, as well as an additional 1 hour lab section. During lab sections, students complete short assignments to reinforce material learned in lecture. Final grades in CS2 follow the rubric in Table 1 . 
Partnerships
Students worked in optional partnerships on projects 2, 3, 4 and 5. Students could not change partners in the middle of a project, but had the freedom to change partners in between. Partnerships submitted one project for the pair, with both partners receiving the same grade. Partnership guidelines encouraged pair programming, and strongly discouraged "divide-and-conquer" partnership strategies.
Within the span of the semesters of CS2 from which we use data, the curriculum, course policies and grading rubric remained consistent.
Description of CS3
CS3 is an advanced data structures and algorithms course whose main audience is second or third year student. Its prerequisites are CS2 and a discrete math course. CS3 covers three major topics. First, algorithm analysis, including O-notation and program efficiency. Second, data structures, including lists, stacks, queues, hash tables, trees and graphs. Finally, algorithms, including searching, sorting, recursive algorithms and graph algorithms.
Similar to CS2, the class is partitioned into several lecture sections with 3 hours per week of instruction, along with a 1 hour per week discussion section. During discussion sections, student instructional assistants reinforce concepts learned in lecture and rehearse practice problems. Final grades in CS3 follow the rubric in Table 2 . 
Partnerships
All students complete all projects independently in CS3. The course syllabus allows students to discuss general course concepts as they apply to the projects, but not specific solutions or code.
The curriculum, course policies and grading rubric for CS3 remained consistent during the semesters we collected our data set.
Design of the Study
Our data comes from a span of four semesters of CS2, and two semesters of CS3. An academic year comprises two semesters. We mapped records of individuals from CS2 to CS3, observing project and exam performance, as well as their decision to partner in CS2.
For our study, we used several methods to summarize student performance in CS2 and CS3. For projects in CS2, we focused on each student's average grade across all five projects. We used the same approach for projects in CS3. Similarly, exam scores for both CS2 and CS3 are aggregated according to the course rubrics.
Statistical Analysis
We evaluated results by comparing sample means from different groups, and verifying statistical significance using the student's t-test. The composition of this data is detailed in Section 2.7.
When analyzing gender groups, we split our data into two partitions, men and women. When analyzing GPA groups, we split the data into 4 groups, being the 1st, 2nd, 3rd and 4th quartiles based upon GPA.
Next, we summarize our data from CS2 (Section 2.5) and CS3 (Section 2.6).
Summary of CS2 Data
We first summarize student performance in CS2, where students participated in optional partnerships. In total, our data set contains 2,234 records for students in CS2, spanning the four semesters of academic years 2013-2014, and 2014-2015.
Before analyzing our data, we first cleaned it by removing several categories of students from the raw data. We removed students who were caught for cheating on projects or exams. Records from students who had withdrawn from the class, which would produce incomplete data were removed. Finally, we removed students who audited the course, which again would produce incomplete data. After cleaning the data set, 1,919 records remained.
Among students who withdrew from CS2 during the semester, 19 worked in partnerships, while 81 worked alone. We note that despite more students partnering, fewer withdrew. We did not have information in our data set on CS3 withdraw rates. Table 3 : Number of students who worked in partnerships in CS2, across the four semesters of our study.
Summary of CS3 Data
Next, we summarize our data from CS3, where all students worked alone. In total, we have 665 records spanning the the second semester of academic year 2013-2014 and the first semester of academic year 2014-2015.
We created a one-to-one mapping of a student's performance in CS2 to their performance in CS3. Therefore, we reduced our data set to only include records with entries for both CS2 and CS3. This subset of our data contains 665 records. Table 4 describes the number of students in each semester of CS2 for which we have CS3 performance data.
As mentioned above, during semester 1 and 2 students did not have the opportunity to be participate in CS2 partnerships. Table 4 : CS3 data, divided by students who decided to partner in CS2, spanning students' past CS2 semesters 1-4. Semesters 1 and 2 had a no partnership policy for projects, while 3 and 4 had the option to partner on projects.
Summary of Gender and GPA Data
When evaluating the effects of partnerships in CS2 on performance in CS2 and CS3, we examined demographic subsets of our data set to observe the effect partnerships may have on different groups. First, we look at the effects of partnerships within different gender groups. Within our CS2 data set (Section 2.5), we summarize the composition of each gender group in Table 5 . We noticed that women were somewhat more likely to partner on projects (64%) compared men (60%). We also stratified our data by GPA, partitioning our data set into quartiles. Table 6 shows the GPA boundaries and number of students in each group described in each CS2 semester (Section 2.5).
We noticed that the first, third and fourth quartile had similar ratios of students who partnered to those who worked alone, while students from the second quartile were somewhat more likely to partner.
When we examine GPA in the CS3 subset of the data (Section 2.6), we see the composition shown in Table 7 . In this table, we only included students in CS2 semesters 3 and 4, where students were given the choice to partner. Here, we noticed that students from the first quartile were far more likely to partner, students from the second and third quartiles were similar in likeliness to partner, and students from the fourth quartile were the least likely to partner. 
Results
We examine the effect of student partnerships in CS2 on performance in both CS2 and a later CS3 course. We also investigate its effect on different subgroups based on gender and grade point average. In the following sections, we will examine the effect of CS2 partnerships on CS2 project and exam performance. Then, we perform a similar analysis with CS3 project and exam performance. Finally, we divide our data set into groups by gender and GPA, examining the size of the effect on these subgroups.
Effect of CS2 partnerships on CS2 performance
In our first analysis, we examine the effect of project partnerships in CS2 on student project and exam performance during the same semester that students participated in the partnership. Figure 1 shows that scores of students who chose to partner had a higher median and a tighter distribution compared to students who worked alone on projects. Additionally, we can see in Table 8 that students who chose to partner scored an average of 3.3% higher on projects, and with p < 0.0001, we can conclude that this result is statistically significant.
When examining the effect of partnerships in CS2 on performance on CS2 exams, we observed the opposite effect, compared to project scores. We observed that exam scores were lower when students choose to partner on projects in CS2. As we see in Table 8 , students who chose to partner scored an average of 2.8% lower on exams. 
Effect of CS2 partnerships on CS3 performance
In our next analysis, we examine the effect of CS2 project partnerships on CS3 student performance. In Table 9 , we see the difference in means and p values. We did not observe any statistically significant results, because p > 0.05.
We also look at the effect of CS2 partnerships on student performance on CS3 exams. The difference in mean and p value are in Table 9 . Again, these results are not statistically significant. Table 9 : CS3 project and exam performance for students who worked alone, and those who partnered in their preceding CS2 course.
Effect of CS2 partnerships on CS2 performance among gender groups
In Figure 2 , we analyze the effect of partnerships on projects in CS2 by gender group. In Table  10 , we see that we can conclude with statistical significance that partnering is associated with better project scores in CS2 for both gender groups. Furthermore, women stand to benefit more from partnerships as compared to men, scoring 4.9% higher on average compared to 2.7%. Furthermore, we observed that men scored 3.2% lower on exams in CS2 when participating in a partnership. 
Effect of CS2 partnerships on CS3 performance among gender groups
Next, we analyze the effect of partnerships on performance in CS3 among gender groups. In both Figure 3 and Table 11 , we see that men who partnered in CS2 scored better on projects in CS3 by 4.6% on average. We did not observe statistically significant results for women.
When analyzing the relationship between partnerships in CS2 and exams in CS3 (Table 11) , we did not find any statistically significant associations describing whether partnering in CS2 has an effect on exam scores in CS3 for either gender group. 
Effect of CS2 partnerships on CS2 performance among GPA groups
In Figure 4 , we analyze the relationship between CS2 projects, partnerships and GPA. We can see, project scores raise dramatically with each successive group, and groups who partner tend to better than their counterparts who did not partner We see in Table 12 that for the 3 lower quartiles of students, project scores tended to be higher for students who chose to partner. Additionally, the lower the GPA is, the higher the effect of partnerships on increasing performance.
In Figure 4 , we additionally analyze the relationship between CS2 exams, partnerships and GPA. Here, exam scores raise dramatically with each successive group, and groups who did not partner tend to better than their counterparts who did partner. In Table 12 we see that the 3 higher quartiles of students, exam scores tended to be lower for students who chose to partner. Table 12 : CS2 project and exam performance by GPA quartile for students who worked alone, and those who partnered.
3.6 Effect of CS2 partnerships on CS3 performance among GPA groups
In Table 13 , we analyze the relationship between partnerships, GPA, CS3 projects and CS3 exams. We can see that for the first (lowest) quartile, students who partner in CS2 do better on projects in CS3 by an average of 9.2%. Additionally, we can see that students in the fourth quartile do slightly worse on exams in CS3 when partnering in CS2, by an average of about 3.8%. This is also shown in Figure 5 . We observed many statistically significant findings on the effect of partnerships during CS2 on student performance during the same semester. Our results confirmed an overall positive effect of partnerships observed by other researchers. When analyzing the impact of partnerships on student performance in a subsequent CS3 course, our strongest positive observations were for students in the lowest GPA quartile.
In this section, we discuss our key findings, including the effect of partnerships during the same semester (CS2), and during the following semester (CS3). We also examine several subgroups of the data set by gender and GPA. Finally, we discuss several limitations.
Effects of CS2 partnerships on CS2
First, we discuss the effect of project partnerships in CS2 on student performance during the same semester. In the previous section (Table 8 in particular), we observed that the effect of partnerships produced different results on projects and exams. Overall, those students who partnered tended to score better on projects, with statistical significance. Our observations on student project performance are consistent with most literature on pair programming; as mentioned in Section 1, where other studies have found that pair programming leads to fewer bugs in coding work, and higher overall scores. Furthermore, we saw that students who choose to work alone were associated with higher withdraw rates than those who worked with a partner.
On the other hand, we also observed that students working alone were often associated with higher exams scores. Several factors could influence this observation. For example, the instructors did not control team selection. There could be a relationship between students who chose to work alone and their exam-taking ability.
Additionally, the instructors did not have control over the student partnership dynamics, and the extent to which they employed pair programming, or whether students divided project work. This could have caused some students to become less familiar with some exam topics. We discuss these and other limitations in Section 4.4.
Effects of CS2 partnerships on CS3
When analyzing associations between partnerships in CS2 and performance in CS3 in the general population, we did not observe any statistically significant relationships. While analyzing subgroups of these students, we did observe statistically significant associations, which we discuss in the next Section.
We note that our lack of statistically significant associations included a lack of statistically significant negative impacts. This could point to the conclusion that partnerships in CS2 were not associated with long-term harm to student performance.
Another possible reason for the lack of statistically significant associations between project partnerships in CS2 and CS3 performance among the overall population is that students are forced to work alone on projects in CS3, and therefore the effect of whether or not they partnered in CS2 may be diminished.
Effects of partnerships on different demographic groups
Throughout our analysis, we observed several statistically significant associations between partnerships and the performance of different subgroups of students, divided by gender and GPA.
When analyzing the effect of partnerships on CS2 performance for men and women, we see that women scored an average of 5% higher on projects in CS2; nearly double the benefit observed for men. Conversely, the negative effect of partnerships on CS2 exam performance for women is half that of men (-1.6% as compared to -3.2%, respectively). This is consistent related work mentioned in Section 1; partnerships can be particularly beneficial to women in introductory computer science courses.
When examining the effect of partnerships on CS2 performance for different GPA groups, we see that the associated benefit of partnerships decreases with higher GPA. The first quartile (lowest) GPA group had an average of 8.8% higher on project scores when partnering, while the third quartile only had an increase of 2.1% while partnering. Additionally, when looking at exam scores in CS2, we observed that the second and third quartile groups had the most negative association with partnerships (-3.3% and -3.8%, respectively). Overall, we observed that partnerships had the greatest associated benefit for students with lower GPAs, but have a diminished, if not adverse association with students in the middle two quartiles.
When analyzing the effect of partnerships on CS3 performance for men and women, we found only one statistically significant observation. Men who partnered in CS2 had an average project score in CS3 4.6% higher than those who had worked alone in CS2.
When analyzing the effect of partnerships on CS3 performance for different GPA groups, we can make two statistically significant observations. First, we see that students in the lowest GPA quartile do better on projects in CS3 after partnering in CS2. This suggests that partnerships may help students in the first quartile increase project performance in future classes. Secondly, we see that students in the fourth quartile tend to do slightly worse on exams in CS3, when they choose to partner in CS2.
Limitations
While our experiments were designed to control as many variables as possible, there are several threats to validity.
First, students had the choice to partner on projects in their CS2 course; and furthermore they had their choice of partners. While this is a practical approach used in many computer science courses, there were factors we could control in this study. Specifically, we did not control the composition of the set of students who chose to partner may be different than the set of those who chose not to partner.
Another limitation to our study is that we had did have control over group dynamics. While the instructors strongly encouraged students practice pair programming, we do have data on the extent to which students carried out the pair programming strategy. For example, it is possible that students who chose to partner ended up using a "divide-and-conquer" approach to the project work, with the result of missing sections of the project. However, we point out, that this study remains relevant to pair programming in college courses, since this course organization is common, and often times it may not be feasible to monitor whether students use the pair programming strategy.
Finally, while the courses in our study remained largely consistent in lecture content, project requirements and exam content during the semesters we gathered our data, there may be small differences from semester to semester. For example, while exams covered the same material and strove for commensurate level of difficulty, they were not identical.
Conclusions
In computer science, group work and pair programming are common approaches to solving problems, both in industry and in academia. Prior work has shown that pair programming is associated with improved project work, compared to working alone. In our study, we examined data from 2,234 students enrolled in CS2 and CS3 courses at a large, highly ranked, public research institution. CS2 allows students to complete projects in optional partnerships, while in CS3, students work alone. Our study examined the effects of partnering both during the semester the partnership took place (CS2) and in the subsequent course (CS3).
In our results, we observed associations between partnership participation and increased project performance in CS2. Specifically, we saw that women scored an average of 5% higher on projects in CS2; nearly double the benefit observed for men. We also saw that for student in the lowest GPA quartile, partnerships were associated with 8.8% higher project scores on average. We also observed that students in partnerships withdrew from the course at lower rates. On the other hand, we also observed that students working alone were associated with higher CS2 exam scores.
In the subsequent CS3 course, we observed that students in the lowest GPA quartile who partnered in CS2 were associated with 9.2% higher project scores in CS3, on average. Those in the highest GPA quartile who worked alone scored an average of 3.8% higher on exams.
Overall, we saw that partnerships were mostly associated with increased project performance in both CS2 and CS3; especially among those in the lowest GPA quartile. Additionally, we observed that working alone was mostly associated with higher exam scores in both CS2 and CS3; especially among those in the highest GPA quartile.
